RNA viruses are the most widespread group of molecular parasites and the etiological agents of many important human, animal, and plant diseases such as AIDS and several forms of hepatitis or hemorrhagic fevers, among many others (11, 29) . During their replication, RNA genomes mutate at average rates of 10 Ϫ3 to 10 Ϫ5 substitutions per nucleotide copied (3, 8, 12) . RNA virus populations consist of complex and dynamic mutant distributions termed viral quasispecies (13) (14) (15) (16) . The quasispecies concept was first proposed by Eigen, Schuster, and Biebricher (13) (14) (15) (16) to describe error-prone replication and self-organization of primitive macromolecules thought to carry information as precursors of more complex life forms (14) . The concept has found an extremely valuable application in the understanding of present-day RNA viruses and other RNA genetic elements, which are subjected to a continuous process of genetic change, competition, and selection of the most fit mutant distributions (3, 8, 10, 11, 14, 15, 22) .
A viral quasispecies is defined by a master sequence and a mutant spectrum. The master sequence is the dominant nucleotide sequence in the genomic distribution. It often shows the highest selection value among the mutants present, and it may or may not coincide with the consensus or average sequence of the distribution. The mutant spectrum is the ensemble of error copies rated according to their relative replication abilities in the context of the ensemble of mutants (10, (14) (15) (16) 22) . The quasispecies as a whole, rather than its individual components, acts as a unit of selection (13) (14) (15) (16) . In the course of natural infections with RNA viruses, both the master sequences and the mutant spectra often have a very transient existence since the population equilibrium (a selective equilibrium or selective rating of all mutants that may appear) of viral genomes is frequently perturbed by environmental modifications (8, 22) . The mutant spectrum is a repository of genetic and phenotypic variants with the potential to become dominant in response to environmental demands, as has been shown, for example, with antibody or cytotoxic-T-cell escape mutants and inhibitor-resistant mutants of pathogenic viruses (5, 8, 11, 22) .
Mobilization of minority elements in response to an external stimulus is typical of complex adaptive systems such as the immune systems of vertebrates (2, 24, 25) . In contact with a foreign antigen, cells of the immune system undergo a cascade of recombination and mutation events that lead to selection and clonal expansion of cells showing the highest affinity for the antigen. This process generates long-lived memory T cells which are able to maintain long-term immunity that may last throughout the entire lifetime of the organism (2, 24, 25) . In the evolution of a viral quasispecies, the genomes hidden in the mutant spectrum may constitute a molecular record of the past evolutionary history of the population. This record would represent a molecular memory with obvious implications for the types and rapidity of the responses of the population to selective constraints. With the aim of exploring the possible existence of a molecular memory in viral quasispecies, we have designed experiments using the animal pathogen foot-andmouth disease virus (FMDV), a representative of the Picornaviridae family (30) . FMDV populations with a well-defined evolutionary history under a controlled cell culture environment have been analyzed with regard to their response to a selective constraint that had been previously experienced by the population. We have also tested the presence in the mutant spectra of the viral populations of minority components that may reveal in a specific fashion their past history. The results provide direct evidence for the existence of a molecular memory in viral quasispecies and illustrate the influence of such a memory in responses to selective constraints.
MATERIALS AND METHODS
Description of the viral populations used. FMDV is an aphthovirus of the Picornaviridae family (30) . FMDV C-S8c1 is a standard biological clone of FMDV that has been extensively used for experiments of FMDV evolution in cell culture (9, 33) . FMDV RED is a monoclonal antibody (MAb)-resistant (MAR) mutant of FMDV C-S8c1 p100, a population derived from serially passaging clone C-S8c1 100 times in BHK-21 cells (2 ϫ 10 6 cells infected with 4 ϫ 10 6 to 8 ϫ 10 6 PFU of virus per passage) (27) . FMDV RED includes the amino acid replacement Gly-1423Glu at a highly conserved RGD triplet located at the exposed G-H loop of capsid protein VP1 (1, 27) . This loop serves as an integrin recognition site for virus entry into the cell and also as a site of interaction with neutralizing antibodies (4, 23, 31, 34, 35) .
Serial plaque-to-plaque transfers of FMDV C-S8c1 led to several highly debilitated clones due to an accentuation of Muller's ratchet effect (17) . One such clone is C 22 9 . FMDV C 22 9 p50 is the population that resulted from subjecting clone C 22 9 to 50 serial infections in BHK-21 cells (4 ϫ 10 6 cells infected with 1 ϫ 10 6 to 1 ϫ 10 7 PFU per passage) (18) . The fitness gain of clone C 22 9 was monitored for 100 passages (18) . Viral populations analyzed in the present study, either FMDV RED or FMDV C 22 9 , originated from plaque-purified virus to ensure that viral progenies were derived from single infectious genomes.
Infections, mutant isolation, and biological cloning. Procedures for the infection of BHK-21 cells with FMDV for the isolation of MAR mutants resistant to neutralization by MAb SD6 and for biological cloning have been previously described (27, 28, 33) . MAb SD6 is a neutralizing MAb raised against FMDV C-S8c1 which recognizes an epitope located within the G-H loop of capsid protein VP1 (28) . Relative fitness values were calculated as previously described (18, 21) . To control for the absence of contamination with other FMDVs, parallel passages of the supernatants of mock-infected cells were carried out throughout the experiments, with no signs of cytopathology or infectivity in the cultures. Contamination was also ruled out by nucleotide sequencing of genomic regions which included diagnostic mutations for the viruses under study. Specifically, the capsid of all FMDV RED revertants included mutations characteristic of this lineage and absent in the standard FMDV C-S8c1 (27) , and the clones derived from C 22 9 p50 included a point deletion at genomic residue 1056, which is specific to the C 22 9 lineage (17, 18) . Viral RNA extraction, RT-PCR amplification, and nucleotide sequencing. Viral RNA was extracted as previously described (17) . Amplification of genomic residues 569 to 1200 and 3550 to 3750 by reverse transcriptase PCR (RT-PCR) was performed using about 1% (1 ng) of viral RNA from a single plaque and avian myeloblastosis virus RT (Promega) and Ampli-Taq (Perkin-Elmer), as specified by the manufacturers. The oligonucleotides primers used to amplify the 569-to-1200 region corresponded to genomic residues 569 to 588 (sense) and were complementary to genomic positions 1200 to 1183 (antisense); primers used to amplify the 3550-to-3750 region corresponded to genomic residues 2817 to 2838 (sense) and were complementary to genomic positions 3896 to 3873 (antisense). Residue numbering is according to the work of Escarmís et al. (17) . DNA sequencing was done with an ABI 373 automatic sequencer.
Molecular cloning of FMDV genomes. Molecular cloning was performed by subjecting about 7 ng of viral RNA to RT-PCR amplification using avian myeloblastosis virus RT and Pfu I DNA polymerase (Promega) (7), as specified by the manufacturer. The oligonucleotide primers were those described above for the Ampli-Taq amplification reaction and contained the SacI and BamHI restriction sites. Amplified DNAs were purified, digested with SacI and BamHI, and ligated to pGEM-4Z digested with the same restriction enzymes. Transformation into Escherichia coli DH5-␣ and screening for positive recombinants were carried out by following standard procedures (32) .
RESULTS

Rescue of FMDV RED mutants from a revertant population.
A number of mutants lacking the RGD triplet in capsid protein VP1 were isolated as MAR mutants of a population of FMDV obtained by subjecting clone FMDV C-S8c1 to 100 serial passages in BHK-21 cells (27, 31) (Fig. 1) . One of the mutants included an RED instead of an RGD triplet. The genetic stability of FMDV RED was tested by subjecting a biological clone to multiple serial passages in BHK-21 cells (Fig. 1) . Nucleotide sequencing established that reversion occurred in each of the three passage series and that no FMDV RED was detectable in the consensus sequence of the populations at passage 10 ( Fig. 2) . From the slopes of the change of proportion of the two diagnostic sequences as a function of passage number, the fitness of FMDV RED relative to that of FMDV RGD was 0.40 Ϯ 0.08. To probe whether the virus population could maintain a molecular memory of its origin as an RED mutant, 15 additional serial infections were carried out at a multiplicity of infection of 0.1 PFU per cell (which represented about 120 doublings of the amount of infectious particles), and the proportions of SD6 MAR mutants in the viral populations at passages 15 and 25 were determined (Table 1) tant frequencies were 25-to 1,000-fold higher than for FMDV C-S8c1 and 3-to 120-fold higher than for FMDV C-S8c1 p100, when these populations were subjected to the same selection procedure (Table 1) . Furthermore, all MAR mutants included an RED triplet whereas none of 81 MAR mutants derived from FMDV C-S8c1 and only 4 out of 31 MAR mutants derived from FMDV C-S8c1 p100 included this amino acid substitution (P Ͻ 0.001; 2 test) ( Table 1) . To test whether bottleneck events could eliminate the molecular memory in the quasispecies, the three FMDV RED populations at passage 15 were further passaged 10 times at a multiplicity of infection of 10 Ϫ4 to 10 Ϫ5 PFU per cell (10 6 cells infected with 10 to 100 PFU per passage). SD6 MAR mutant frequencies were (1.9 Ϯ 0.5) ϫ 10
Ϫ4
. Out of 16 mutants analyzed, none included the RED sequence; instead, other amino acids changes were found at the G-H loop of VP1 (Asp 1433Gly, six clones; Leu 1443Ser, five clones; and His 1463Pro, Gly 1423Arg, Ser 1393Ile, Ser 1393Arg, and Ser 1393Gly, one clone each) (P Ͻ 0.001; 2 test). Therefore, bottleneck events eliminated the preference to rescue MAR mutants with the RED triplet at the G-H loop of capsid protein VP1. To further exclude the possibility that the genomic sequence of RGD-containing revertants, rather than the mutant spectrum of the quasispecies, dictated selection of RED mutants by MAb SD6, the same selection by SD6 was applied to four RGD-containing clones isolated from the FMDV RED population at passage 25. Out of 12 MAR mutants analyzed, 2 included the RED sequence and 10 included different amino acid substitutions at the G-H loop of VP1 (Leu-1443Ser, 3 clones; Asp-1433Gly, 2 clones; Ser-1393Asn, 2 clones, one of which had the additional substitution Ala-1383Asn; Ala1383Asp, 2 clones; and Gly-1423Arg, 1 clone). Again, this distribution of MAR mutants is significantly different than the one reflected in complete dominance of MAR mutants with RED obtained from RGD revertant passage 15 and passage 25 populations (data in Table 1; PϽ0.001; 2 test). Therefore, memory of past history as RED-containing virus in RGD revertant passage 15 and passage 25 populations is a property of the viral quasispecies as a whole and not of the individual genomes that compose it.
Maintenance of highly altered genomic sequences dependent on passage history. C 22 9 is a highly debilitated clone derived from serial plaque transfers of FMDV C-S8c1 (17) . A salient feature of this clone is the presence of an elongated internal polyadenylate between genomic positions 1119 and 1123 (the wild-type sequence includes four adenylates preceding the second functional AUG translation initiation codon). This polyadenylate tract is heterogeneous in length, with an average of 23 additional adenylate residues (17, 18) . In the process of fitness recovery of C 22 9 upon serial passage in BHK-21 cells, the first modification detectable in the entire genome was the reversion of this internal polyadenylate to the wild-type sequence (18) . By passage 20 no detectable elongated internal polyadenylate was present in the consensus sequence of the population, and such an absence was maintained in successive passages (18) . To test whether the virus population kept a molecular memory of its origin as a clone with an internal polyadenylate, the C 22 9 population at passage 50 was subjected to molecular and biological cloning and the clones were analyzed by nucleotide sequencing ( Table 2 ). In 6 out of 35 molecular clones, and in 4 out of 35 biological clones, genomes with a larger number of adenylate residues between genomic positions 1119 and 1123 were present. In contrast, no genomes with an increased number of adenylates at this genomic region were found in any of 40 molecular clones derived from passage 50 of a population that had C-S8c1 rather than C 22 9 as its initial genome (0.01 Ͼ P Ͼ 0.0025; 2 test) ( Table 2 ). The results document the existence of a molecular memory in viral quasispecies which is imprinted in their mutant spectra as a reflection of their past evolutionary history.
DISCUSSION
Viral quasispecies represent complex adaptive systems (19, 20) . The behavior of such systems is under intense investigations in disparate fields of research, including adaptive immunity, neural development and learning, and design of intelligent computer systems (19, 20) . Common to complex adaptive systems is that they vary, yet they have continuity in the form of some heritable (or built-in) component and they are en- a Viral populations are described in Materials and Methods and in the legend to Fig. 1 . "p" indicates passage number (i.e., C-S8c1 p100 means FMDV clone C-S8c1 passaged 100 times in BHK-21 cells as described in reference 27); RGD rev. viruses are the populations of FMDV RED that reverted to the RGD wild-type sequence upon passage in BHK-21 cells, as described in the legends to Fig. 1 and 2 and in Materials and Methods.
b In all cases, the frequencies of MAR mutants were calculated from the number of plaques formed upon plating 2 ϫ 10 2 to 1 ϫ 10 5 PFU of FMDV in the presence of MAb SD6, as previously described (28) . Virus from each of the plaques analyzed (86 plaques from C-S8c1, 31 plaques from C-S8c1 p100, and a total of 30 plaques from the RGD revertant populations) showed an increased resistance to neutralization by SD6 and one amino acid substitution within the G-H loop of capsid protein VP1. 1 0 a FMDV C 22 9 p50 and FMDV C-S8c1 p50 are the populations obtained after passaging clones C 22 9 and C-S8c1, respectively, in BHK-21 cells, as detailed in Materials and Methods and the legend to Fig. 1 . Thirty-five and 40 molecular clones were analyzed from populations of C 22 9 p50 and C-S8c1 p50, respectively; in addition, 35 biological clones were analyzed from populations of C 22 9 p50. Procedures for molecular and biological cloning and nucleotide sequence determination are described in Materials and Methods.
b This biological clone, derived from FMDV C 22 9 p50 showed heterogeneity with regard to the number of internal adenylate residues between positions 1119 and 1123 of the FMDV genome (17) . The figures given represent the numbers of additional adenylate residues estimated from the peak pattern in a sequencing gel.
dowed with mechanisms to respond to external stimuli (19, 20) . The immune systems of vertebrates exploit a memory in the form of clonal expansions of cell subsets in response to stimuli by antigens that had been previously experienced by the system (2, 19, 24, 25) .
In the present report we have provided direct evidence that viral quasispecies are endowed with a molecular memory contained within the components of the mutant spectra. Batschelet et al. (3) estimated the proportions of two competing bacteriophages (W, wild type, and M, mutant) that differed in a point mutation, one becoming dominant over the other as a result of reversion and the competitive advantage of the revertant. The model formulated by Batschelet et al. (3) to describe the change in the compositions of the populations from infectious cycle N to N ϩ 1 is
in which k w and k m are the growth factors of the revertant (W) and mutant (M) viruses, respectively, and w and m are the mutation rates (in substitutions per nucleotide copied) from the wild type to the mutant and from the mutant to the wild type (reversion), respectively. This treatment can be applied to the reversion of FMDV RED (M) to FMDV RGD (W). The proportion (p N ) of the revertant (W) over that of the mutant (M) at passage N is
In equation Table 1 ). The discrepancy may be due to a number of assumptions that affect the values entered in equation 2: identical values for w and m , invariance of k m /k w values in the course of passaging, etc. However, the treatment of Batschelet et al. (3) , in agreement with theoretical quasispecies concepts (13) (14) (15) (16) , predicts that a population equilibrium will be reached, at which the proportion of a minority mutant will depend on its fitness relative to that of the wild-type competitor and on the mutation rate (3) . This prediction provides theoretical support for the existence of a molecular memory in viral quasispecies, as documented experimentally by our results. In reality, the situation with two competing viruses is more complex than that proposed by our model, since upon replication, mutations that may alter the relative levels of fitness of the two competing viruses may occur anywhere in the genomes. As quantified in series 2 of the FMDV RED reversion experiment, an increase in the proportion of mutant virus was detected at passage 25 ( Fig. 2 and Table 1) , and in this case the past evolutionary history was responsible for the high frequency of a mutant with an unusual RED triplet in its virion capsid. The quasispecies memory was eliminated when bottleneck events were so severe that they involved a number of particles close to or lower than the number of minority components of the mutant spectrum responsible for the molecular memory. This finding was documented by subjecting RED populations (that had reverted to the wild-type sequence) to passages at a very low multiplicity of infection. Also, individual viral clones from the population lost memory, as expected (Table 1) . These results exclude the possibility that the frequent isolation of MAR mutants with the RED sequence (Table 1 ) was due to an inherent tendency of individual genomes harboring the RGD sequence in a particular context. Rather, the bottleneck experiments document that memory was a property of the population as a whole.
Equally complex are the evolutionary events involved in loss of the internal polyadenylate in clone C 22 9 . The initial clone included a highly heterogeneous polyadenylate tract (17) , and fitness measurements indicated that the longer this polyadenylate tract, the lower the average fitness of the viral genome (18) . The mutant spectrum of C 22 9 p50, a population which underwent about 225 doublings in the amount of infectious particles from clone C 22 9 , included molecules with 1 and up to 10 additional adenylate residues ( Table 2 ). In this case, memory involved retaining in the mutant spectrum of C 22 9 p50 a repertoire of molecules that were themselves a modulated spectrum of that of the initial clone C 22 9 (17) . It must be stressed that the isolation of FMDV RED or clones with an increased number of adenylate residues between genomic positions 1119 and 1123 could not be predicted by examination of the corresponding consensus sequences. Therefore, the frequent unpredictability of the types of genomes selected from different viral quasispecies subjected to identical constraints (antibodies, inhibitors, new susceptible host cell types, etc.) may be decisively influenced by the past evolutionary history of the viral quasispecies. In a number of natural infections with RNA viruses, minority components of quasispecies can reemerge, contributing to the maintenance of active viral replication in vivo (5, 6, 26, 36) . A molecular memory provides the mechanisms for quasispecies evolving in vivo to respond efficiently to a selective pressure that has been previously experienced by the same population, even if this selective pressure had not been in operation for many viral generations. The influence of memory will be lost upon bottleneck transmissions but may be felt in the course of chronic infections or upon vertical or horizontal transmissions involving viral loads compatible with the carrying of minority components from the mutant spectra. Host-range mutants may be present as components of the quasispecies memory in an infected host. In this case, a population bottleneck during natural transmission of the virus may manifest the host-range variant by initiating an infection in an unusual host. In conclusion, we have documented the presence of a molecular memory in RNA viral quasispecies, a feature of biologically complex adaptive systems.
